We now know of a surprising number of cases where single neurons contain multiple neurotransmitters. Neurons that contain a fastacting neurotransmitter, such as glutamate or GABA, and a modulatory transmitter, such as dopamine, are a particularly interesting case because they presumably serve dual signaling functions. The olfactory bulb contains a large population of GABA-and dopaminecontaining neurons that have been implicated in normal olfaction as well as in Parkinson's disease. Yet, they have been classified as nonexocytotic catecholamine neurons because of the apparent lack of vesicular monoamine transporters. Thus, we examined how dopamine is stored and released from tyrosine hydroxylase-positive GFP (TH ϩ -GFP) mouse periglomerular neurons in vitro. TH ϩ cells expressed both VMAT2 (vesicular monoamine transporter 2) and VGAT (vesicular GABA transporter), consistent with vesicular storage of both dopamine and GABA. Carbon fiber amperometry revealed that release of dopamine was quantal and calcium-dependent, but quantal size was much less than expected for large dense core vesicles, suggesting that release originated from small clear vesicles identified by electron microscopy. A single action potential in a TH ϩ neuron evoked a brief GABA-mediated synaptic current, whereas evoked dopamine release was asynchronous, lasting for tens of seconds. Our data suggest that dopamine and GABA serve temporally distinct roles in these dual transmitter neurons.
Introduction
Tyrosine hydroxylase (TH), the first enzyme in catecholamine synthesis, is expressed in a subset of periglomerular neurons (Halász et al., 1977; Parrish-Aungst et al., 2007) that also express GABAergic markers (Kiyokage et al., 2010) . TH ϩ periglomerular cells have been classified as nonexocytotic catecholaminergic neurons because the vesicular monoamine transporter (VMAT) could not be detected (Peter et al. 1995; Weihe et al. 2006) , although dopamine is present in the glomerular layer (Dahlström and Fuxe, 1964; Coopersmith et al., 1991) . Little is known about dopamine release from these putative dual transmitter neurons, but they are well positioned to influence multiple cells in the glomerular microcircuit, including mitral/tufted cells, olfactory afferent nerve terminals, and periglomerular cells (AroniadouAnderjaska et al., 2000; Toida et al., 2000; Smith and Jahr, 2002; Murphy et al., 2005) . The application of exogenous dopamine (Hsia et al., 1999; Ennis et al., 2001) or block of dopamine uptake (Maher and Westbrook, 2008) causes D2 receptor-mediated presynaptic inhibition. Likewise, D1 receptors are present on principal neurons in the bulb (Coronas et al., 1997) . On a functional level, mice lacking dopamine receptors or transporters have olfactory deficits (Tillerson et al., 2006; Taylor et al., 2009) , and loss of smell is an early symptom in Parkinson's disease (Doty, 2012) .
The classic view for dopamine release was that of volume transmission in which released dopamine diffuses to receptors in the extrasynaptic membrane (Cragg et al., 2001) , whereas monoamine release in chromaffin cells is known to be vesicular (Leszczyszyn et al., 1990; Wightman et al., 1991) . More recent studies have detected vesicular release in central dopamine neurons (Jaffe et al., 1998; Pothos et al. 1998; Puopolo et al., 2001) . Vesicular release creates brief and local dopamine transients that are required for postsynaptic dopamine IPSCs, at least in the ventral tegmental area (Ford et al., 2009) . Interestingly, central dopamine neurons can also contain a classic fast neurotransmitter (Hnasko and Edwards, 2012) and, like periglomerular cells, may release transmitters from dendrites as well as axon terminals (Pinching and Powell, 1971; Kiyokage et al., 2010) . How one rationalizes these seemingly opposing views of dopamine signaling in neurons that also release a fast-acting neurotransmitter remains an enigma. TH ϩ periglomerular cells in the olfactory bulb provide a unique system to compare the spatiotemporal profile of monoamine and amino acid secretion. Here, we used TH-GFP mice to examine dopamine and GABA release from periglomerular neurons using amperometry, whole-cell recording, electron microscopy, and real-time PCR.
Materials and Methods
Dissociated cell cultures. C57BL/6 mice (postnatal days 21-28) that expressed GFP driven by the tyrosine hydroxylase promoter were used to prepare cell cultures (Sawamoto et al. 2001 ). Both female and male mice were included in the analysis. Horizontal slices of the main olfactory bulb (500 m) were cut using a Leica Biosystems VT1200 S Vibratome. The ice-cold oxygenated cutting solution contained (in mM): 83 NaCl, 26.2 NaHO 3 , 2.5 KCl, 1 NaH 2 PO 4 , 3.3 MgCl 2 , 0.5 CaCl 2 , 22 glucose, 72 sucrose, and 0.1 U/ml of penicillin/streptomycin (Invitrogen), pH 7.3. For cell cultures, solutions and media were prepared as described previously (Tovar et al., 2009 ). The glomerular cell layer containing TH ϩ periglomerular cells was microdissected, transferred to the papain-containing solution, and incubated at 37°C for 20 min on a platform nutator. Enzyme solution was than replaced with inactivating solution. Papain was inactivated for 3 min, and the solution was replaced with complete medium. Tissue was dissociated using fire-polished pipettes. Cells were plated on poly-L-lysine-coated coverslips. For microisland cultures, cells were plated on glial microislands (Tovar et al., 2009 ) with glia obtained from olfactory bulbs of newborn mice. Cells in culture were incubated at 37°C and 5% CO 2 and used on days 1 and 7-10. Cells on microislands were used on days 14 -19. The animal protocols were approved by the Institutional Animal Care and Use Committee and followed the National Institutes of Health Guidelines for the Ethical Treatment of Animals.
Cell sorting and real-time PCR. Cell suspensions were obtained as for cell culture. RNase inhibitor (200 U/5 ml media) was added to the cell suspension before fluorescent-activated cell sorting (FACS). The flow cytometer (FACS Vantage Diva, BD Biosciences) had a 488 nm, 200 mW argon ion laser equipped with a 530/30 nm bandpass filter for EGFP and was operated with the following settings: 10 psi, 20,000 drops/s, 130 m tip. Cells collected from the cell sorter were used to isolate RNA, generate cDNA, and perform quantitative PCR. RNA was isolated from sorted cells using TRIzol (Invitrogen) and the manufacturers' recommended procedures. The samples were DNase treated using the DNA-free kit (Ambion) followed by an additional ethanol precipitation. cDNAs were generated from 200 ng of RNA using random hexamer primers of the First Strand cDNA Synthesis Kit (Fermentas). One sample was serially diluted to provide a standard curve, and all other samples were diluted 1:3. The real time reaction was performed in duplicates using FastStart SYBR Green Master (Roche) with 500 ng of input RNA. PCR was performed on an Opticon OP346 (MJ Research). Primers (forward and reverse): tyrosine hydroxylase, AGGAGAGGGATGGAAATGCT and AACACTTTCAAAGCCCGAGA; dopamine transporter (DAT), CT GACCAACTCCACCCTCAT and CACAGGTAGGGAAACCTCCA; dopamine ␤-hydroxylase, GACCCCGAAGGGATTTTAGA and GCAT GATGAGATCTGCGTTC; norepinephrine transporter (NET), AGGC ACCTCCATTCTGTTTG and TAGGTGAGCGGCTTGAAGTT; vesicular monoamine transporter 1 (VMAT1), TGCAATTCTGAACCAGG AATGCCC and ATCGCTGTTCTCTCCCAGTGGAAA; vesicular monoamine transporter (VMAT2), TTACGACCTTGCTGAAGGACCCAT and ATAAGAGATGCTCGCTGGCAGGAA; vesicular GABA transporter (VGAT), ACCAAGAGCCAGACTGTCGT and GACTTGTTGG ACACGGAGGT.
Amperometry and electrophysiology. Carbon fiber electrodes were fabricated as described (Bruns, 2004) . Carbon fibers (5 m diameter) were insulated using electrophoretic deposition of paint to reduce root mean square (RMS) noise. Only carbon fiber electrodes with RMS noise Ͻ 2 pA (5 kHz, 4-pole Butterworth filter) were used for experiments. Carbon fibers were freshly cut before each recording; only cuts that produced a flat surface of the fiber were used for amperometry. The charge associated with an amperometric spike is proportional to the number of catecholamine molecules oxidized on its surface, with each oxidized dopamine molecule producing two electrons. Amperometric currents were recorded with Multiclamp 700B amplifier (Molecular Devices), filtered at 4 kHz (eight-pole Bessel), and digitized gap free (20 -50 kHz). The holding voltage was ϩ700 mV, and amplifier gain was 20mV/pA. AxoGraph X (AxoGraph) was used for data collection. All recordings were done at room temperature in Ringer's solution containing (in mM): 130 NaCl, 4 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 HEPES, 30 Glucose, pH 7.3, with NaOH. For microisland cultures, the external Ca 2ϩ was increased to 2 mM. Cells were patched under visual control using differential interference contrast optics and an ORCA II camera (Hamamatsu). Patch pipettes (4 -6 M⍀) contained (in mM): 110 Cs-gluconate, 20 DPTA, 5 CaCl 2 , 2 MgATP, 0.5 Na 2 GTP, 40 HEPES, pH 7.3, and ϳ20 M free Ca 2ϩ . For whole-cell experiments, the holding membrane potential was set to Ϫ70 mV. Recordings of microisland cultured neurons were done using an internal solution containing (in mM): 135 KCl, 1 EGTA, 2 MgATP, 0.5 Na 2 GTP, 12 HEPES, pH 7.3. To preincubate cells with L-DOPA, fresh 20 mM L-DOPA stock was added to the cell medium (100 M final concentration) for 1 h. Reserpine (1 M final concentration) was added for 1 h after 1 h of L-DOPA incubation, resulting in 2 h L-DOPA and 1 h of reserpine incubation. Cells were recorded at 0 -2 h after incubation. L-DOPA and reserpine were purchased from Sigma-Aldrich. SR95531 was purchased from Ascent Scientific.
Electron microscopy. A small grid (2 ϫ 2 mm) was printed on Aclar film (Masurovsky and Bunge, 1968) . Cells were plated on the opposite side of the print. Neurons at 7 days in culture (DIC) were used because at this age the presence of dendrites facilitated the identification of TH-GFPexpressing cells. Neurons were imaged using a LSM 710 confocal microscope (Zeiss) and 20ϫ objective. A simultaneous Brightfield and fluorescence images tiled the surface of the grid to allow identification of a well isolated TH ϩ cell and its location. Cells were then fixed with 3% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4, osmicated with 2% OsO 4 in 0.1 M cacodylate buffer, pH 7.4, for 1 h at 4°C and serially dehydrated in ethanol followed by infiltration with LX-112 resin (Ladd Research Industries; polymerization at 60°C for 48 h, Ͻ 2 mm thick). Embedded cells were reimaged to verify the location of each TH ϩ neuron. Blocks containing one or a few TH ϩ neurons were cut out and sectioned. Ultrathin sections (60 nm, gray/silver interference color) were analyzed with a FEI Tecnai 12 BioTwin Transmission electron microscope. The morphometric analyses were performed on two cultures from two TH ϩ animals. Images acquired with an AMT Active Vu-M 16 megapixel camera (Advanced Microscopy Techniques) were analyzed with ImageJ software (NIH). Large dense core vesicles (LDCVs) were identified by the presence of a dense core inside vesicles. The vesicle diameter (d) was calculated from micrographs (magnification ϫ 30,000) by circling each vesicle and determining the perimeter where d ϭ perimeter/. Vesicle diameter was corrected as described previously (Parsons et al., 1995) . Electron micrographs of mouse chromaffin cells were prepared as described previously (Borisovska et al., 2005) .
Immunohistochemistry and in vivo confocal imaging. Immunocytochemistry and imaging of slices and cultured cells was performed using standard methods (Hannah et al., 1998; Borisovska et al., 2011) . VGAT polyclonal antibody was obtained from Synaptic Systems and used at a dilution of 1:500. Images were obtained using a LSM 710 confocal microscope (Zeiss) and 20 -63ϫ objectives as appropriate. To visualize dopamine-containing vesicles in intact slices (300 m) of the olfactory bulb, we preincubated slices with a fluorescent analog of dopamine (Neurotransmitter Transporter Uptake Assay Kit, Molecular Devices) for 60 -120 min. The dye was diluted 1:10 from the stock preparation. The excitation wavelength was 457 nm, and confocal images were acquired from horizontal sections of the glomerular cell layer at 8-bit resolution.
Analysis. Amperometric and whole-cell recording data were exported from AxoGraph into Igor Pro using the NeuroMatic routine (Jason Rothman, http://www.neuromatic.thinkrandom.com). Custom Igor Pro routines written by M.B. were used for all analyses. For analysis of amperometric spike frequency before and after stimulation, recordings with up to 1.9 pA RMS noise and at least 20 spikes per recording were included. For spike charge analysis-only recordings with RMS noise, Ͻ1.4 pA were included. The automatic spike detection routine was used and manually verified. Traces were filtered using five binomial smoothing operations. The threshold was set at 4 pA (sliding average ϭ 3). Artifacts caused by whole-cell stimulation were deleted before automatic spike detection. GABA-mediated IPSC amplitudes were determined as the peak current after stimulation. The cumulative probability for GABA-mediated IPSCs was calculated as the average of 10 integrals obtained from each sweep and normalized to 100%. The cumulative probability of amperometric spikes was calculated from spike frequency, normalized to 100%, and averaged over 10 sweeps.
Statistics. Student's t test or ANOVA was used as appropriate. Sample size was based on the number of cells that were pooled from multiple culture preparations and coverslips to minimize bias. Significance is displayed as *p Յ 0.05, **p Յ 0.01, and ***p Յ 0.001. Data are expressed as the mean Ϯ SEM.
Results

Vesicular dopamine release from TH
؉ periglomerular cells We used periglomerular neurons from juvenile mice (postnatal days 21-28) that express GFP driven by the tyrosine hydroxylase promoter (Sawamoto et al., 2001) . At this age there are abundant TH ϩ neurons in the glomerular layer (Fig. 1A) that nearly completely overlap with TH immunoreactivity (Maher and Westbrook, 2008) . To examine monoamine release from TH ϩ periglomerular neurons, we fabricated low-noise carbon fiber electrodes that detect release of oxidizable neurotransmitters like dopamine on the time scale of microseconds (Wightman et al., 1991) . Calibration of the carbon fibers with exogenous dopamine indicated a linear response from 3 M to 5 mM (Fig. 1B) . Detection of single vesicles with amperometry requires close contact with the cell membrane, and thus we used cultured TH ϩ cells that were easily identified in vitro and developed neurites after a few days (Fig. 1A) . Positioning of the carbon fiber electrode in direct contact with the cell membrane of a TH ϩ cell after 1 DIC revealed a low rate of spontaneous amperometric spikes (0.04 Ϯ 0.01 Hz, n ϭ 8), consistent with the release of endogenous dopamine. To maximize the detection of events by amperometry and to ensure that Ca 2ϩ i reached all submembrane regions, we used whole-cell pipettes containing 20 M free Ca 2ϩ to quickly increase intracellular calcium. Intracellular dialysis with a whole-cell pipette containing 20 M free Ca 2ϩ caused a 20-fold increase in spike frequency (0.8 Ϯ 0.2 Hz, n ϭ 8, p ϭ 0.001 paired t test, Fig. 1C) . Plots of the cumulative spike frequency (Fig. 1C, lower traces) showed a steady low rate of activity in the absence of calcium stimulation, which then increased throughout the 100 s exposure to increased intracellular calcium. At 7 DIC, spontaneous spikes also were easily detectable in TH ϩ cells after preincubation with L-DOPA to increase intracellular dopamine and the sensitivity of amperometry (100 M, 1 h, Fig. 1C ; Pothos et al., 1996) . The rate of release was further increased following whole-cell calcium perfusion (spontaneous 0.6 Ϯ 0.2 Hz; evoked 2.2 Ϯ 0.5 Hz, n ϭ 7, p ϭ 0.015, paired t test) and showed a similar calcium-stimulated increase in cumulative spike frequency. Increasing the Ca i 2ϩ to 50 M or external application of the calcium ionophore ionomycin did not further increase the frequency of spikes (data not shown). There were no detectable amperometric spikes in THnegative periglomerular cells with or without L-DOPA (n ϭ 8, Fig. 1C) , indicating that the release was specific to TH ϩ cells.
Amperometry does not distinguish between oxidizable neurotransmitters such as dopamine, norepinephrine, and serotonin. Surprisingly, prior studies did not detect expression of the neuronal vesicular monoamine transporter VMAT2 in periglomerular cells (Peter et al. 1995; Weihe et al. 2006) , raising a question as to whether dopamine was released from vesicles in these cells. Thus, we used real-time PCR (RT-PCR) to examine the dopaminergic phenotype of TH ϩ periglomerular cells. RNA from fluorescence-activated cell sorting of TH ϩ neurons (P21- Figure 1 . Amperometric detection of calcium-dependent vesicular dopamine release from TH ϩ periglomerular cells. A, Schematic drawing of the coronal section of a rodent brain shows A16 dopamine neurons (green) located in the glomerular layer of the olfactory bulb. TH ϩ periglomerular neurons are apparent in a confocal image from a region (red square) of the glomerular layer in a TH-GFP mouse. Bottom panels, at 1 and 16 days in culture GFP-labeled putative dopamine neurons (TH ϩ ) could be distinguished from other cells (TH Ϫ ) that were labeled by DAPI (blue). B, Amperometric electrodes were calibrated by sustained puff of dopamine (3 M-5 mM) from a perfusion pipette (right) onto the carbon fiber (top left). Dopamine perfusion elicited a dosedependent current on the carbon fiber electrode at a holding potential of ϩ700 mV (right panels). The amperometric current was directly proportional the dopamine concentration with a detection threshold of Յ 3 M (bottom left). C, Exemplary amperometric recordings before (left panels) and following whole-cell dialysis with a 20 M Ca 2ϩ -containing internal solution (right panels). The carbon fiber was gently pressed on the surface of a cell (black cylinder, top inset); the whole-cell patch pipette was positioned on the opposite side of the cell (top inset, right). Following the onset of whole-cell recording, TH ϩ cells at either 1 DIC (top panels) or 7 DIC (middle panels) showed an increase in spike frequency, whereas TH Ϫ cells (bottom panels) had no amperometric spikes. TH ϩ cells at 7 DIC were preincubated with L-DOPA to enhance the sensitivity of the amperometric recording. Plots of the averaged cumulative spike frequency at 1 DIC (8 cells, 689 events) and 7 DIC (7 cells, 2536 events) confirm the increase in amperometric events during stimulation. Amperometric recording was begun 5 s after the onset of whole-cell dialysis.
28) was compared to that from HEK293 and chromaffin cells (Table 1 ). In addition to tyrosine hydroxylase, TH ϩ cells expressed VMAT2 and the plasma membrane dopamine transporter DAT, but not dopamine ␤-hydroxylase, which converts dopamine to norepinephrine. Consistent with functional dopamine uptake and release, incubation of TH ϩ neurons with L-DOPA at 7 DIC had amperometric spikes with a charge of 2.9 Ϯ 0.3 fC (n ϭ 5) that were larger than spikes from untreated cells at 1 DIC ( Fig. 2A, n ϭ 8) . Coincubation with the VMAT inhibitor reserpine (1 M, 1 h) prevented the L-DOPA-mediated increase in charge (reserpine: 1.9 Ϯ 0.2 fC, n ϭ 6). Reserpine treatment also decreased the amplitude and half-width of the spikes, consistent with reduced loading of the vesicles (data not shown). As expected from experiments with chromaffin cells (Gong et al.,
2003), reserpine strongly reduced but did not completely eliminate amperometric spikes following incubation for 1 h at 1 DIC (n ϭ 8, not shown). Because the above data were performed in cells in culture, we confirmed that dopamine is also contained in vesicles in periglomerular neurons in intact tissue by incubating acute olfactory bulb slices with a fluorescent dopamine analog (see Materials and Methods). This dye accumulates in VMAT2-containing vesicles within varicosities in neurons (Parker et al., 2012) and also showed a punctate staining pattern in PC12 and chromaffin cells (data not shown). Confocal images revealed punctate fluorescence over the glomerular layer in the soma and dendrites of periglomerular cells (Fig. 2B ). This pattern is consistent with the location of vesicles in both soma and dendrites of periglomerular cells in vivo (Pinching and Powell, 1971) . Timelapse imaging revealed movement of puncta within labeled somas and dendrites (data not shown). These results indicate that TH ϩ periglomerular cells have the molecular fingerprint of central dopamine neurons.
Dopamine is released from small clear vesicles
Dopamine can be released from either large dense core vesicles, LDCVs, or small clear vesicles (Bergquist and Ludwig, 2008) . To determine the source of vesicular dopamine in periglomerular cells, we prepared electron micrographs of cultured TH ϩ cells (Fig. 3A) . Small clear vesicles (SCVs) were much more abundant than LDCVs (Fig.  3B) . LDCVs accounted for Ͻ2% of the total vesicles. The vesicle size distribution was well described by a single Gaussian distribution with mean vesicle diameters of 49 Ϯ 8 nm and 50 Ϯ 7mn for soma and dendrites, respectively (Fig. 3C) , the expected size for SCVs. There were a few vesicles larger than 75 nm, reflecting large dense core vesicles and unidentified vesicular structures. Consistent with dopamine release from small clear vesicles, amperometric spikes in TH ϩ periglomerular cells were much smaller than in chromaffin cells, which release monoamines from LDCVs (Fig. 3D) . As with the vesicular size, the distribution of the cubic root of charge of amperometric spikes show a single peak that was reasonably fitted with a single Gaussian (Fig. 3C,E) . Occasional larger events were likely double-release events. Thus, the morphological and functional data indicate that dopamine is released from a uniform population of vesicles.
Release of dopamine and GABA follow distinct time courses TH ϩ neurons also contain GABAergic vesicles as we confirmed by staining of soma and dendrites with the vesicular GABA transporter VGAT (Fig. 4A) . To assess release of GABA from periglomerular neurons, we used microisland cultures of single TH ϩ periglomerular neurons (Tovar et al., 2009 ) that allowed stimulation and recording of synaptic release from a single neuron (autapse). A 500 s voltage step pulse from Ϫ70 mV to ϩ20 mV triggered an unclamped action potential followed by the rapid onset of GABA A -mediated IPSC that was completely blocked by SR95531 (Fig. 4B) . Simultane- FACS sorting of TH ϩ periglomerular neurons showed that mRNAs necessary for dopamine synthesis (TH), storage (VMAT2), and reuptake (DAT) were present. However, dopamine-␤-hydroxylase, necessary for norepinephrine synthesis, was not detected. HEK293 cell served as a negative control; chromaffin cells in adrenal glands showed the expected pattern for norepinephrine synthesis. Vesicular GABA transporter (VGAT) mRNA was present in TH ous amperometric recording of dopamine release and GABAmediated IPSCs showed a strikingly different time course of release. GABA release triggered a fast-rising IPSC that peaked within a few milliseconds and decayed within 50 -100 ms, whereas there was not an immediate and easily apparent change in the frequency of amperometric spikes (Fig. 4C) . However, as shown in Figure 4D , action potential stimulation did increase dopamine release as reflected in the increase in slope of the cumulative probability that began upon stimulation and continued for many seconds. The frequency of amperometric spikes ( Figure 4D , red trace) increased by 86% following action potential stimulation (n ϭ 6, p ϭ 0.021, paired t test), demonstrating that physiological stimuli cause release of vesicular dopamine from these cells. As shown earlier in Figure 1 , stimulation of these cells with step increases to high intracellular calcium caused a 4-to 20-fold increase, consistent with calcium dependence of dopamine release. Such a slow, persistent increase in amperometric dopamine spikes is similar to that observed by Jaffe et al. (1998) following exogenous glutamate stimulation in substantia nigra neurons. Although it is not possible to place a carbon fiber within a synaptic cleft, the difference in time course between synaptic GABA Figure 3 . Electron microscopy of single TH ϩ periglomerular cells. A, Individual TH ϩ neurons in cell culture were identified with confocal microscopy for subsequent identification for electron microscopy as described in Materials and Methods. B, Electron micrographs of TH ϩ periglomerular cells showed predominately small clear vesicles and occasional LDCVs. In the example shown, a single LDCV is present in this image from a TH ϩ periglomerular cell soma. The LDCVs constituted Ͻ 2% of the total vesicles observed in images from 10 cells (29 LDCVs of 1484 total vesicles). C, The size of vesicles in the soma (black, n ϭ 874 from 11 cells) was the same as in dendrites (blue, n ϭ 610 from 5 cells). Gaussian fits gave mean vesicle diameters of 49 Ϯ 8 nm and 50 Ϯ 7mn for soma and dendrites, respectively. D, Amperometric spikes recorded in a chromaffin cell (black trace) were much larger and longer-lasting that spikes recorded in periglomerular cell (red traces). The same recording methods were used for both cell types. Corresponding electron microscopy images of a chromaffin granule (left) and periglomerular dopamine neuron vesicles (right) also revealed the size difference between an LDCV in a chromaffin cell and the small clear vesicles in periglomerular cells. Scale, 50 nm. E, The distribution of the cubic root of charge (proportional to vesicle radius) was also consistent with a uniform vesicle population. The dotted line is a best fit to a single Gaussian. The threshold was set at 4 pA (circa 3ϫ RMS); thus, the left side of the distribution likely missed some small events, whereas the few larger events likely represent multivesicular release. Events recorded in TH ϩ cells at 1 DIC are shown.
release and somatodendritic dopamine release suggests that the release mechanisms are distinct. Consistent with this idea, application of sucrose (500 mM), which releases primed vesicles (Rosenmund and Stevens, 1996) , evoked a barrage of GABA-mediated IPSCs, but no amperometric spikes (n ϭ 16, data not shown).
Discussion
Somatodendritic release of dopamine originates from small clear vesicles
Our results demonstrate that TH ϩ periglomerular neurons are functional dual transmitter neurons that release both dopamine and GABA. The charge associated with each amperometric spike predicts that ϳ6000 dopamine molecules are released per fusion, much less than expected for large dense core vesicles. Our estimates correspond to a concentration of 160 mM for 50 nm small clear vesicles. L-DOPA preincubation increased the quantal size to about 9000 molecules. These estimates agree well with amperometry of L-DOPA-treated cultured ventral midbrain neurons and leech serotonin neurons, but are substantially less than expected if release occurred from large dense core vesicles (Bruns and Jahn, 1995; Staal et al., 2004). Our estimate for vesicular dopamine concentration in small clear vesicles is similar to the amino acid transmitter concentration in synaptic vesicles (Burger et al., 1989) . To efficiently sample vesicular release of dopamine, we placed the carbon fiber against the somatic membrane to maximize the surface area exposure. Although amperometry does not allow direct detection of release within a synaptic cleft, we were able to detect occasional amperometric spikes from small dendritic varicosities. Our results are consistent with the focal dendritic release of high concentrations of dopamine in the ventral tegmental area (Ford et al., 2009 ). Each glomerulus is highly compartmentalized (Kasowski et al., 1999) , and thus dopamine signaling may be segregated between dendrodendritic and axodendritic compartments to modulate dendrodendritic synapses and olfactory nerve terminals, respectively (Murphy et al., 2005; Maher and Westbrook, 2008) . Furthermore, TH ϩ cells can contact multiple glomeruli (Kiyokage et al., 2010) , and it is also possible that dopamine mediates interglomerular signaling.
The functional dual transmitter phenotype
Although dual transmitter neurons containing dopamine and either glutamate or GABA occur in multiple brain regions (Hnasko and Edwards, 2012) , the spatiotemporal characteristics of their (co)release is only beginning to be explored (Chuhma et al., 2004; Onoa et al., 2010) . In our experiments, GABA release followed a classical fast release pattern, whereas dopamine release increased gradually for many seconds following stimulation with either high intracellular calcium or single action potentials. GABA release can occur asynchronously followingactionpotentialstimulation,butthisusuallylastsϽ1s (Hefftand Jonas, 2005) . The long-lasting, asynchronous amperometric response could conceivably reflect the extrasynaptic location of the carbon fiber electrode. However, dopamine release was increased by intracellular calcium and by action potential stimulation, indicating that the stimuli reached dopamine release sites. Unlike GABA, dopamine release was also not triggered by sucrose, which triggers the readily releasable pool of vesicles. It thus seems likely that the molecular determinants of release differ between DA-and GABA-containing vesicles. For example, synaptotagmin 1 likely mediates synchronous GABA release in TH ϩ periglomerular neurons, whereas other synaptotagmin isoforms may mediate dopamine release (Mittelsteadt et al., 2009; Pang and Sudhof, 2010) . Dopamine release might also require different stimulus conditions, such as release of calcium from intracellular stores (Tse et al., 1997) . Our results indicate that TH ϩ cells in the glomerulus are remarkably multifunctional. The release of two neurotransmitters with distinct spatiotemporal profiles may allow these cells to control synaptic timing in both intraglomerular and interglomerular circuits. ϩ neuron (V h Ϫ70 mV) in a microisland culture evoked a fast inhibitory postsynaptic current (black trace, average of 10 sweeps). The GABA A receptor antagonist SR95531 entirely blocked the IPSC (gray trace). Peak amplitudes measured at the peak (dashed line) are shown in the inset (n ϭ 5, p ϭ 0.005, paired t test). C, Simultaneous recordingofaGABA A -mediatedIPSC(toptrace,black,overlapof10sweeps)anddopamine(bottomtrace,red,overlapof10sweeps)inaTH ϩ cell. TheGABA-mediatedIPSCreachedapeakwithinafewmillisecondsafterdepolarization,whereastherewasnotanabruptincreaseinthefrequency ofamperometricspikes.Rather,therateofasynchronousreleaseincreasedfromthebaselineandremainedincreasedformanyseconds.D,TheGABA currentandamperometriceventfrequencywerenormalizedandplottedasacumulativeprobabilityforallcellsrecordedwiththeprotocolshownin C.Asexpected,thevastmajorityofGABArelease(blackline,averageofeightcells)occurredimmediatelyfollowingactionpotential(AP)stimulation (arrow). The pattern for dopamine release was much different. As shown by the positive slope of the solid red line before stimulation, there were ongoingspontaneousamperometricevents(redline).Stimulationcausedanincreaseinspikefrequencythatpersistedforseconds,asindicatedby thechangeintheslope(redline,averageof6cells).Thebinsizeforamperometricspikeswas10msandtotalspikesϭ1431.Theextrapolatedrate ofspontaneousamperometricspikesisshowninthedottedline.
